Plutons have long been viewed as crystallized remnants of large magma reservoirs, a 10 concept now challenged by high precision geochronological data coupled with thermal models. 11
INTRODUCTION 23
Petrological and geophysical studies challenge the long-held view that silicic magma 24 reservoirs are long-lived, differentiating slowly between mafic recharges. For example, until 25 recently Santorini volcano, Greece, was understood as a volcano whose shallow dacitic reservoir 26 is regularly recharged by small mafic spurts (Martin et al., 2008) . However, crystal diffusion 27 chronometry and surface deformation data reveal a different story. In the case of the ~1600 BC 28
Minoan caldera-forming eruption, reactivation was fast (< 100 years) with a transient recharge view is thus of a volcano whose shallow reservoir is regularly replenished from depth by high-34 flux batches of already differentiated magma, the duration of which is much shorter than that of 35 intervening repose periods. These findings raise key but unresolved questions: what determine 36 the recharge rate of shallow reservoirs? And ultimately, can we identify recharges that will lead 37 to an eruption? These are crucial issues in volcanology, and not simply at Santorini. 38
These issues also echo that of the rates at which pluton assembly occurs (Petford et al., where L is magma latent heat, p C is its specific heat capacity, o T , f T and T are initial magma, 68 freezing and crustal far-field temperatures, respectively, is magma dynamic viscosity, is its 69 thermal diffusivity, is the density difference between country rocks and magma, and g is 70 gravitational acceleration. This is the minimum influx of magma a buoyant dyke needs to 71 propagate over a height H without freezing. A growing pluton would need to be fed with at least 72 this influx of magma c Q , which would thus represent a short-term magma supply rate, otherwise 73 its feeder dyke would freeze before it could reach this emplacement level. The same goes for the 74 recharge of an existing reservoir lying a height H above a deeper magma source; c Q would then 75 represent a short-term magma recharge or replenishment rate. 76
RESULTS

77
We used Monte Carlo simulations to calculate the expected range of critical rates for 78 magmas with viscosities between 10 and 10 8 Pa s. Magmatic and country-rock parameters were 79 sampled randomly, and three different ranges of far-field temperatures T were tested: cold, 80 intermediate or hot crusts (Table 1 ). In each case T was kept constant throughout the crust, a 81 simplification (no geothermal gradient) that may underestimate magma heat lost hence c Q . 82 Figure 1A shows the range of critical short-term supply rates c Q as a function of magma 83 viscosity from 10 000 Monte Carlo simulations for a 5-km-high dyke in a crust with intermediate 84 (Fig. 2) . Longer magma-transport heights and colder environments (T 99 < 200 °C) lead to higher minimum supply rates (> 0.01 km 3 /yr). 100 Figure 3 compares the density distribution of all the critical short-term supply rates c Q 101 calculated by Monte Carlo simulations with the density distribution of 47 published maximum, 102 long-term-averaged, pluton-filling-rate estimates (Table DR1, Supplemental information  1 ) . There 103 is a clear dichotomy between pluton-filling rates and our critical short-term supply rates, which 104 has several important implications. First, irrespective of pluton emplacement depth, magma 105 composition and tectonic setting, nearly all the reported plutons have too low a magma supply 106 rate to have formed by a single episode of magma injection. This means that the formation of 107 these plutons must have involved successive, discrete magma pulses with a short-term injection 108 rate for their successive feeder dykes of at least ~0.01 km 3 /yr (Fig. 3) . We note that some of the 109 agreement with our findings that hotter crusts allow magma transport in dykes at much lower 113 flow rates (Fig. 2) . Moreover, most of the larger estimated filling rates are derived from 114 observations of surface deformation integrated over at most two decades; they should be close to 115
short-term supply rates and are indeed in agreement with our minimum fluxes. Second, min analysis we suggest that long-lived magma bodies in the middle or deep crust feed ephemeral 144 shallow reservoirs that erupt shortly after their formation over a few centuries or millennia. 145
Because there are long periods of no or low activity between such magmatic high-flux feeding 146 episodes, the long-term construction rate of plutons assembled from intrusions that failed to feed 147 a shallower reservoir or to erupt is much lower than the reservoir assembly rate recorded by 148 erupted crystals. This sporadic assembly must occur at several levels in the lower and upper 149 crust; from mass balance, since only part of the magma stored in a reservoir continues toward the 150 surface, we expect long-term fluxes to decrease for successively shallower reservoirs. Magma 151 reservoirs can be long-lived in the deep crust because of higher ambient temperature, whereas in 152 the cold shallow crust, magmas that do not erupt shortly after emplacement solidify rapidly. Our analysis raises the question of our ability to interpret geodetic surface signals: 157 differentiating between surface deformation produced by an new influx of magma bound to form 158 a frozen pluton from one associated with a reservoir recharge, when both scenarios require the 159 same minimum short-term magma influx. Which parameters do we need to determine in order to 160 make such a distinction? Our analysis implies that one cannot tell from a single magma pulse 161 what will happen next: a pulse must have a minimum short-term flux in order to be thermally 162 viable whatever the thermal fate of the storage region it might be feeding (pluton or volcanic 163 reservoir). However, a key point is that the fate of this storage region hinges upon its time-164 averaged supply rate, integrated over several magma pulses (Annen, 2009 ; Schöpa and Annen, 165 2013). Diffusion chronometry provides access to timescales that are commensurate with the fast 166 emplacement rates of magma intrusions but requires material that has already been erupted. 167 Continuous geodetic measurements of volcano surface deformation (e.g., Remy et al., 2014) 168 could provide a means to estimate recharge volumes and rates integrated over several magma 169 pulses, and thus the potential to discriminate between magmatic intrusions bound to crystallize, 170 owing to a too slow time-averaged supply rate, from those recharging a reservoir at fast enough 171 rates to potentially lead to future eruptions. 172
ACKNOWLEDGMENTS 173
We thank A.R. Cruden, Allen Glazner and an anonymous reviewer for their thorough and 174 critical reviews. We acknowledge supports from a chaire mixte IRD-UBP, ERC Advanced 175 
STEADY-STATE PROPAGATION OF A BUOYANCY-DRIVEN DYKE 6
Whether fed by a constant flux or a constant pressure from its source, a vertically 7
propagating buoyant dyke will ultimately reach the same steady state once its vertical extent 8 becomes greater than its buoyancy length K is the fracture toughness of the country rocks, is the density 10 difference between country rocks and magma, and g is the gravitational acceleration. This 11 steady state is characterised by a constant vertical velocity and a constant volumetric flow rate 12 (Lister and Kerr, 1991; Menand and Tait, 2002) . Importantly, the steady-state dyke geometry is 13 also characterised by a constant thickness w away from its propagating upper tip, at a distance 14 greater than ~ 4 b L (Lister, 1990) , determined by the constant incoming flux of magma delivered 15 by its feeding source. For the vast majority of dykes, magma flow is laminar and the steady-state 16 dyke thickness depends on the magma viscosity , the density difference between country rocks 17 and magma , the gravitational acceleration g , the dyke horizontal extent B and the average 18 volumetric magma flow rate Q as Table 1 this horizontal spread of the dyke will be 31 prevented (Lister and Kerr, 1991 
